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To study the development of the calcium release mechanism, we examined the temporal and spatial expression of inositol
1,4,5-trisphosphate receptor (IP3R) during the oogenesis and meiotic maturation of Xenopus laevis. Observation of a series
of ®xed samples by immuno¯uoresence microscopy revealed a relocalization of Xenopus IP3R (XIP3R)-positive structures
during meiotic maturation. We visualized the endoplasmic reticulum (ER) using ER-sensitive dye, DiI, by observation
under confocal laser scanning microscopy. Time-lapse visualization of the living oocytes revealed that while the ER of
immature fully grown oocytes underwent relatively little movement, the ER of maturing oocytes and mature eggs moved
rapidly. A possible role for the increase of ER mobility in the dynamic redistribution of XIP3R during oocyte maturation
is also discussed. q 1997 Academic Press
INTRODUCTION travels the surface to the opposite pole (Busa and Nuccitelli,
1985). Both the inositol 1,4,5-trisphosphate (IP3) receptor
(IP3R)3 and the ryanodine receptor (RyR) were identi®ed asA dramatic transient release of Ca2/ from internal stores
Ca2/ channels involved in the release of free Ca2/ fromat fertilization has been demonstrated to initiate activation
the endoplasmic reticulum (ER) (Takeshima et al., 1989;of the eggs in various species (Steinhardt et al., 1977; Cuth-
Furuichi et al., 1989; Maeda et al., 1990). In Xenopus,bertson et al., 1981; Eisen and Reynolds, 1984; Busa and
mouse, and hamster eggs, the Ca2/ is released through IP3RNuccitelli, 1985; Miyazaki et al., 1986; Yoshimoto et al.,
(Han and Nuccitelli, 1990; Miyazaki et al., 1992; Kume et1986; Stricker et al., 1992). In Xenopus eggs, the release of
al., 1993; Nuccitelli et al., 1993; Parys et al., 1994; Xu etintracelluar Ca2/ occurs in a wave-like fashion which is
initiated from the site of sperm entry in the animal pole and
3 Abbreviations used: ER, endoplasmic reticulum; GVBD, germi-
nal vesicle breakdown; PG, progesterone; IP3, inositol 1,4,5-tris-
phosphate; IP3R, IP3 receptor; XIP3R, Xenopus IP3R; IICR, IP3-1 Present address: Mikoshiba Calciosignal Net Project, ERATO,
JST, 2-9-3 Shimo-Meguro, Meguro-Ku, Tokyo 153, Japan. induced Ca2/ release; DiI, 1,1*-dihexadecyl-3,3,3*,3*-tetramethylin-
docarbocyanine perchlorate or 1,1*-dioctadecyl-3,3,3*,3*-tetramety-2 To whom correspondence should be addressed. Fax: /81-03-
3492-0233. E-mail: skume@ims.u-tokyo.ac.jp. lindocarbocyanine perchlorate; MBS, modi®ed Barth's solution.
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al., 1994) ,while in other species, such as sea urchin, through Obtaining Oocytes and Meiotically Mature Eggs
both IP3R and RyR (McPherson et al., 1992; Galione et al.,
Adult female Xenopus laevis were purchased commercially (Ha-1993; Lee et al., 1993; Shen and Buck, 1993; Whitaker and
mamatsu Seibutsu). Oocytes were obtained as described (Kume et
Swann, 1993, for review). It has been demonstrated that IP3- al., 1993). Brie¯y, ovarian fragments were surgically removed from
induced Ca2/ release (IICR) mediates both the initiation females anesthetized by hypothermia, ®nely dissected, and washed
and the propagation of the Ca2/ wave in hamster eggs by in modi®ed Barth's solution [MBS; 88 mM NaCl, 1 mM KCl, 2.4
injection of IICR-blocking antibody 18A10 against mouse mM NaHCO3, 10 mM Hepes (pH 7.5), 0.82 mM MgSO4 , 0.33 mM
Ca(NO3)2 , 0.41 mM CaCl2]. The staging of oocytes was performedIP3R (Miyazaki et al., 1992).
as previously described (Dumont, 1972). Stage I to VI oocytes wereStudies of activation responsiveness of oocytes and ma-
isolated using watchmaker's forceps, after treatment with collagen-ture eggs of star®sh, hamster, and mouse have suggested
ase (2 mg/ml type I collagenase in MBS; Sigma). Meiotically maturethat the IICR mechanism develops during maturation
eggs used in immunohistochemical studies were prepared by treat-(Chiba et al., 1990; Fujiwara et al., 1993; Mehlmann and
ment of stage VI oocytes with 5 mg/ml progesterone in vitro at 187CKline, 1994). There are several lines of evidence suggesting
for the following time periods: 6 hr, with approximately 50% of the
that a morphological differentiation of ER occurs during oocytes undergoing GVBD; overnight (12 hr), with approximately
oocyte maturation by examination of ®xed oocytes and eggs 100% of the oocytes undergoing GVBD; or an additional 3 hr after
of Xenopus and mouse (Gardiner and Grey, 1983; Campa- 100% of the oocytes had undergone GVBD (a total period of 15 hr).
nella et al., 1984; Charbonneau and Grey, 1984; Ducibella Meiotically mature eggs, for confocal laser scanning microscopic
observation, were prepared as described below.et al., 1988; Larabell and Chandler, 1988; Dersch et al.,
1991). We have cloned Xenopus IP3R (XIP3R) cDNA and
demonstrated that the distribution of XIP3R undergoes rear-
RNase Protection Analysisrangement in its localization during meiotic maturation
(Kume et al., 1993). These results suggested that the ER or
RNA was extracted from embryos at each stage by the ribonucle-
XIP3R organization established during oogenesis or meiotic oside±vanadyl complex method (Berger and Birkenmeier, 1979).
maturation may be important in the regulation of intracel- Total RNA was hybridized with an RNA probe for XIP3R and ana-
lular Ca2/ signals involved in the activation of the mature lyzed by RNase protection studies basically according to the
eggs. However, the temporal changes and the mechanism method described previously (Melton et al., 1984; Okano et al.,
1988). A XIP3R cDNA PvuII 0.67-kb fragment (5233±5906 bp,of the structural changes in the ER or XIP3R containing
Kume et al., 1993) was subcloned into the EcoRI site of the pBlue-organella during meiotic maturation of Xenopus still re-
script KS(0) vector (Stratagene) to give XpB14PvuII and the labeledmains to be elucidated. Recently, the ER has been visualized
antisense RNA probes was synthesized by adding T7 RNA polymer-by confocal laser scanning microscopy (CLSM) after injec-
ase (Boehringer Mannheim) to XpB14PvuII linearized with SalI, intion of DiI in living eggs of sea urchin (Terasaki and Jaffe,
the presence of [32P]UTP (800 Ci/mmole, Amersham). Aliquots of1991; Jaffe and Terasaki, 1993), star®sh (Jaffe and Terasaki,
2 1 106 cpm of the probe were hybridized to total RNA equivalent
1994), mouse (Mehlmann et al., 1995), and hamster (Shira- to four oocytes of each oocyte stage (adjusted to 20 mg with the
ishi et al., 1995) during egg maturation or upon fertilization. addition of yeast tRNA) or yeast tRNA controls at 427C for 12 hr,
This method provides a useful approach for studying the in a solution containing 80% formamide, 40 mM Pipes, 0.4 M NaCl,
dynamics of the ER. and 1 mM EDTA. The unhybridized regions of the probe were
digested with 100 ng of RNase A (Sigma) and 20 U of RNase T1In the present study, we investigated developmental
(Sigma) at 177C for 30 min in a total volume of 0.35 ml, followedchanges in the expression of XIP3R during oogenesis and
by phenol±chloroform extraction and ethanol precipitation. Themeiotic maturation of Xenopus laevis. Close studies by im-
length of the RNase-resistant 32P-RNA±RNA hybrids was analyzedmuno¯uorescent microscopy revealed that the XIP3R-posi-
by electrophoresis on denaturing 5% polyacrylamide±8 M urea gel.tive structure underwent a dynamic relocalization from the
Unprotected RNA probe was applied to the gel electrophoresis ascytoplasm to the cortical region during meiotic maturation.
a reference. The amount of total RNA equivalent to one oocyte at
Furthermore, we observed ER through time-lapse confocal each stage was calculated by dividing the yield of RNA by the
microscopy using DiI and demonstrated that an increase in number of oocytes extracted. The amounts of total RNA equivalent
the mobility of ER occurs during meiotic maturation in- to four oocytes of each stage loaded onto each lane were: stage I,
duced by progesterone in vitro. 0.4 mg; stage II, 6 mg; stage III, 10 mg; stage IV, 16.4 mg; stage V, 18
mg; stage VI, 20 mg; and meiotically mature eggs, 20 mg. The length
of the unprotected RNA probe is 839 nucleotides and the protected
probe is 674 nucleotides.
MATERIALS AND METHODS
Preparation of Crude Membrane Fraction and
Reagents Western Blot Analysis
The crude membrane fraction was prepared as previously de-DiIC16(1,1*-dihexadecyl-3,3,3*,3*-tetramethylindocarbocyanine
perchlorate) and DiIC18 (1,1*-dioctadecyl-3,3,3*,3*-tetramethylindo- scribed (Kume et al., 1993). Xenopus oocytes were mixed with 9
vol of a solution of 0.32 M sucrose in buffer A [1 mM EDTA, 0.1carbocyanine perchlorate) were obtained from Molecular Probes
(Eugene, OR). mM phenylmethylsulfonyl ¯uoride (PMSF), 10 mM leupeptin, 10
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mM pepstatin A, 1 mM 2-mercaptoethanol, and 50 mM Tris±HCl equator in two opposite sites each with a volume of 10 nl. The
oocytes were incubated in MBS for at least 60 min to allow DiI to(pH 8.0)] and homogenized by 10 strokes with a glass±Te¯on Potter
homogenizer operated at 850 rpm. The homogenate was centri- diffuse throughout the whole oocyte. In most cases, oocytes re-
ceived injection of DiI were embedded in 0.7% agarose (SeaPlaquefuged at 1000g for 15 min at 27C to remove nuclei followed by
centrifugation at 105,000g for 15 min at 27C, and the precipitates low melting temperature agarose; FMC Bioproducts) in MBS. Agar-
ose solution (room temperature) was pipetted into a 20-mm culturewere resuspended in 50 mM Tris±HCl (pH 8.0), 1 mM EDTA and
1 mM 2-mercaptoethanol. dish with cover glass at the bottom (MatTek), in which 4±8 oocytes
were placed. For most experiments, oocytes were oriented with theCrude membrane proteins were electrophoresed on a 5% SDS±
polyacrylamide gel (Laemmli, 1970) and transferred to a nylon animal hemisphere downward. After the agarose had set, MBS was
added to the embedded oocytes, and the oocytes were observedmembrane. The amounts of crude membrane proteins per oocyte
at each stage were calculated by dividing the total yield by the under a confocal microscope. The agarose-embedded stage VI oo-
cytes were matured by the addition of 2 ml of 5 mg/ml progesteronenumber of oocytes homogenized. The amounts of crude membrane
proteins equivalent to one oocyte loaded onto each lane were: stage in MBS and incubated overnight at 157C. After 12 hr incubation at
157C, the maturing oocytes were returned to 207C and then furtherI/II, 1.5 mg; stage III, 7.7 mg; stage IV, 16 mg; stage V, 20 mg; stage
VI, 24 mg; and meiotically mature eggs, 20 mg. The blots were im- incubated for 2 hr at 207C until a white spot appeared in the animal
hemisphere, which indicated germinal vesicle breakdown. Themunostained with polyclonal antibodies raised against the XIP3R
(Kume et al., 1993) for 1 hr at room temperature, followed by incu- meiotically mature eggs were then observed under a confocal laser
scanning microscope.bation with biotin-conjugated goat anti-rabbit IgG (Vector) as a
secondary antibody and avidin-conjugated horseradish peroxidase
(Amersham), and visualized with 1 mg/ml 3,3*-diaminobenzidine
tetrahydrochloride (DAB), 0.02% H2O2. The immunoreactive bands Confocal Microscopy of Living Oocytes and
were quanti®ed by means of computerized densitometry using the Meiotic Matured Eggs
public domain NIH Image program (described below).
Confocal microscopy was carried out on a Bio-Rad MRC-500
system adapted to an Olympus IMT-2 inverted microscope with a
20X, 0.70 N.A. DPlanApo objective lens, using CoMOS softwareFixation and Immunohistochemistry
package (Bio-Rad Microscience). During observations, the laser was
Isolated stage I±VI oocytes and meiotically mature eggs treated set at full power with a 1% neutral density ®lter and the confocal
with 5 mg/ml progesterone at various time points were ®xed in 4% aperture was set at 3/4 full open. All measurements were carried
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) at 47C for 2 out at room temperature. Magni®cation of the image was calibrated
hr. Immunohistochemistry was carried out as previously described with a stage micrometer. Sequential images were obtained at inter-
(Kume et al., 1993). Samples were dehydrated in a graded alcohol vals of 1 min, each of which was produced by averaging 7 to 10
series, embedded in paraf®n, and cut into 6-mm-thick sections, consecutive frames by Kalman algorithm on-line. The images were
which were then deparaf®nized and equilibrated with phosphate- further processed on Macintosh computers using IPlab software
buffered saline (PBS). The sections were then treated with 0.5% (Signal Analytics, Vienna, VA) with custom software modules. In
(w/v) skim milk (DIFCO), 0.2% (v/v) Triton X-100 / PBS as blocking order to obtain the outline of each accumulation of the ER-speci®c
agent for 1 hr at room temperature, then washed, and incubated dye, DiI, the images were further processed using edging, thresh-
overnight (16±20 hr) with anti-XIP3R polyclonal antiserum diluted olding functions using the public domain NIH Image program (writ-
1:100 with blocking solution at 47C. Preimmune serum was used ten by Wayne Rasband at the U.S. National Institutes of Health
as a negative control. Sections were washed with PBS and incubated and available from the Internet by anonymous ftp from zippy.nimh-
for 1 hr with FITC-conjugated anti-rabbit antibody (Vector). After .nih.gov or on ¯oppy disk from NTIS, 5285 Port Toyal Rd., Spring-
washing in PBS, the sections were mounted in 1% n-propyl gallate ®eld, VA 22161, part number PB93-504868). Centers of ER accumu-
in 80% glycerol, 20% PBS. lation were calculated by the particle analysis function of the NIH
A quantitative analysis of relative staining density of the cortex Image program after thresholding the images.
versus interior cytoplasm (approximately 100 mm inside from the
cortex) of each oocyte stage was done by using the public domain
NIH Image program (described below).
RESULTS
Preparation of Samples for Confocal Laser RNase Protection Analysis / Western Blot Analysis
Scanning Microscopy of XIP3R Expression during Oogenesis and Oocyte
MaturationIsolated stage VI oocytes (Dumont, 1972) were rinsed extensively
in modi®ed Barth's saline. Microinjection was performed using a In order to study the expression pattern of XIP3R in the
nitrogen air pressure microinjector IM-200 (Narishige). The micro- oogenesis of Xenopus laevis, we isolated oocytes at each
pipettes for injection were pulled out from GD-1 Pyrex glass tubing stage of oogenesis and examined the expression of XIP3R
(Narishige). The tip of the injection pipette had a ®nal diameter of RNA and protein by RNase protection and Western blot
15±20 mm. The pipettes were siliconized with Sigmacote (Sigma)
analysis. Quantitative RNase protection revealed thatand washed with deionized water (DW) prior to injection. A satu-
XIP3R was expressed as a maternal RNA in the youngestrated solution of DiI (Molecular Probes) was prepared in soybean
stage I (Dumont, 1972) oocytes, accumulated to a plateauoil (Wako, Japan). The injection volume was calibrated by expelling
as early as stage III, gradually decreased and reached itsthe oil solution into MBS and measuring the radius of the drop. In
order to facilitate diffusion, the DiI solution was injected into the steady state with oocyte growth, and showed no signi®cant
Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8479 / 6x19$$$181 01-27-97 22:58:40 dba
231IP3R and ER Dynamics during Maturation
change in XIP3R RNA expression during in vitro matura-
tion induced by progesterone (Fig. 1A).
The expression of XIP3R protein was examined by West-
ern blot analysis using a previously described speci®c poly-
clonal antibody against XIP3R (Kume et al., 1993). XIP3R
was detected as a single band with an apparent molecular
size of 260 kDa (Fig. 1B), which is somewhat smaller than
the calculated molecular size of 307 kDa (Kume et al., 1993).
This discrepancy may be accounted for by posttranslational
proteolytic processing or aberrant electrophoretic migration
due to its large size. Figure 1B shows a typical result of the
XIP3R protein pro®le on a per oocyte base. Densitometric
analysis of the band corresponding to XIP3R of each oocyte
stage is plotted in Fig. 1C. XIP3R protein was detected in
oocytes as early as stage I/II and the level gradually in-
creased, reaching a plateau at stage IV. During the course
of maturation induced by progesterone in vitro, a slight
increase (approximately 1.2-fold) in the protein level was
observed. These results suggested that XIP3R mRNA was
maternally transcribed and translated, and the protein of the
XIP3R accumulated toward fertilization. The discrepancy
between pro®les of the steady-state level of the mRNA and
protein of XIP3R during oocyte growth was probably due to
different stabilities of the mRNA and protein or to differen-
tial translational regulation of the mRNA during these de-
velopmental stages.
Immunocytochemistry of XIP3R during Oogenesis
The intracellular localization of XIP3R during oogenesis
was studied using the same polyclonal antibody used for
the immunoblot analysis described above. Positive signals
could be observed in the youngest stage, stage I/II (Dumont
stage, 1972; stage I, 50±300 mm in diameter; stage II, 300±
450mm in diameter) (Fig. 2A). At these stages where cortical
granules and yolk platelets were just beginning to develop,
XIP3R was distributed throughout the cytoplasm (n  50).
Control staining of sections with preimmune serum
showed no speci®c staining (data not shown).
XIP3R expression was progressively polarized during the
later stages (stage III±VI) of oogenesis. In stage III oocytes
(450±600 mm in diameter), where yolk platelets, pigmentFIG. 1. Expression of XIP3R during Xenopus oogenesis. (A) RNA
granules, and cortical granules started to accumulate, thepro®le. Total RNA equivalent to approximately four oocytes of
most conspicuous feature was brightly stained streams ofstage I±VI or in vitro mature eggs (lane/GVBD), and 20 mg of yeast
yolk-free cytoplasm surrounding the centrally placed germi-tRNA as a negative control, were analyzed by RNase protection
nal vesicle (Fig. 2B, early stage III) (n  17). The accumula-assay for XIP3R transcripts and subjected to 8 M urea±5% PAGE.
Arrowheads show the positions of the probe and the protected band. tion of XIP3R in the cortical region was ®rst observed as
(B) Western blot analysis using anti-XIP3R polyclonal antibody early as late stage III (n  32) (Fig. 2C), where the oocytes
(Kume et al., 1993). Protein from a crude membrane fraction equiv- started to acquire their animal±vegetal polarity. The enrich-
alent to one oocyte was loaded onto 5% SDS±PAGE. Arrowhead
shows the position of the XIP3R. The low-molecular-weight band
(small arrow) is a nonspeci®c band which appeared in the absence
of anti-XIP3R when avidin±biotin complex methods were used for
detection. (C) Densitomeric analysis showing the relative intensity ber of experiments is indicated. The paired Student's t test was
of the band corresponding to XIP3R. The intensities of XIP3R are used to compare the values for each oocyte stage with stage VI
plotted here as the fold intensity relative to immature fully grown oocytes. The differences were signi®cant for stage I/II and III oo-
stage VI oocytes (the intensity of immature fully grown stage VI  cytes and for mature eggs (marked with asterisks), with **P 
1.0). Mean intensity and standard deviation are plotted. The num- 0.001 for stage I/II and III oocytes; *P  0.05 for mature eggs.
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FIG. 2. Immunocytochemical characterization of XIP3R during oogenesis by light microscopy. Subcellular distributions of XIP3R at
various stages of oocyte development detected by light microscopy using a XIP3R-speci®c polyclonal antibody. (A) XIP3R is distributed
throughout the cytoplasm of stage I/II oocytes where yolk granules have not yet developed. (B) In early stage III oocytes, in which yolk
granules have begun to develop, XIP3R is localized to streams of yolk-free cytoplasm throughout the oocyte surrounding the centrally
placed GV. (C) In late stage III oocytes, which have begun to acquire polarity, XIP3R shows a distribution localized to the cortical region
(white arrowheads) and perinuclear region (white arrow). (D) In late stage IV oocytes, the localization of XIP3R resembles that of fully
grown stage VI oocytes. XIP3R is localized on the reticular network of intracellular structures (small arrow) and in the perinuclear region
(large arrow). GV, germinal vesicle. Scale bar, 100 mm, A to D.
ment of XIP3R in the perinuclear region was also observed grown stage VI oocytes, XIP3R-positive staining, which
showed a reticular network, was observed in yolk-free corri-at this stage (Fig. 2C). Accumulation of XIP3R in the yolk-
free cytoplasm was evident with increasing oocyte matu- dors throughout the cytoplasm (Figs. 3A and 3B). Germinal
vesicle breakdown (GVBD) was observed in 50% of the oo-rity. In late stage IV oocytes (600±1000 mm in diameter),
XIP3R localized on the reticular network of intracellular cytes 6 hr after progesterone treatment. Coincidentally with
GVBD, XIP3R-positive yolk-free patches were observed instructures and in the perinuclear region (n  25) (Fig. 2D).
Very little change in the localization of XIP3R was evident the deep cytoplasm where the former germinal vesicle (GV)
had apparently been located (Fig. 3C). XIP3R-positiveafter late stage IV to stage VI (Fig. 3A).
The localization of XIP3R at various time points during streams of yolk-free corridors were no longer detectable,
and instead yolk-free patches appeared in the cytoplasmthe course of maturation was examined. In immature fully
Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8479 / 6x19$$$181 01-27-97 22:58:40 dba
233IP3R and ER Dynamics during Maturation
FIG. 3. Immunohistochemical characterization of XIP3R meiotic maturation by light microscopy. (A) In immature fully grown stage VI
oocytes, the perinuclear region as well as streams of yolk-free corridors are positively stained by anti-XIP3R antibody. Scale bar, 100 mm,
A, C. (B) High magni®cation of the region within the white square in (A). XIP3R-positive streams of yolk-free corridors can be seen (white
arrow). Scale bar 100 mm, B, D. (C) In maturing oocytes 6 hr after progesterone treatment at 187C (about 50% of oocytes underwent
GVBD), large XIP3R-positive patches (large white arrow) are observed at the site where the GV was formerly located, and small XIP3R-
positive yolk-free patches are also observed in the cortical region (small arrow). (D) High magni®cation of the region with the white square
in (C). XIP3R-positive yolk-free patches appear and streams of yolk-free corridors are no longer observable. GV, germinal vesicle.
(Fig. 3D). At the point at which almost 100% of the eggs clear region dispersed concurrently with GVBD and then
gradually moved toward the cortex region.had undergone GVBD (12 hr progesterone treatment), the
XIP3R-positive yolk-free patches were dispersed in the deep
cytoplasm (Fig. 4A) and increased in the cortical region
Increase in Mobility of ER during Meiotic(Figs. 4A and 4B). The cytoplasmic staining in the cortical
Maturationregion had become denser in meiotically mature eggs that
had been further incubated for 3 hr (15 hr progesterone treat- The results of the immuno¯uorescent microscopy de-
scribed above obtained from a series of samples of ®xedment) (Figs. 4C and 4D); compare the staining pattern in the
cortex between Figs. 4B and 4D indicated by arrowheads. oocytes and in vitro meiotically mature eggs indicated that
XIP3R underwent a dynamic redistribution from the deepDifferent batches of oocytes yielded similar results, indicat-
ing that the staining patterns observed were not artifacts cytoplasm to the cortical region during meiotic maturation.
In order to document the movement of the XIP3R-con-due to differences among oocytes. In order to demonstrate
the accumulation of XIP3R in the cortex in a more quantita- taining organella directly in living oocytes or eggs, we used
DiI to label the ER and observed these under a confocaltive manner, a quantitative analysis of relative staining den-
sity in the cortex versus the cytoplasmic region 100 mm laser scanning microscope.
The ER of immature fully grown stage VI oocytes wasinside the cortex, at each time point after progesterone
treatment, was carried out (Fig. 5). The relative staining labeled with DiI by injection of DiI dissolved in soybean
oil (Jaffe and Terasaki, 1993; Terasaki and Jaffe, 1991).density in the cortex gradually increased as the egg matured.
These results suggest that XIP3R localized in the perinu- About 60 min after the injection, the oocytes were ob-
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FIG. 4. (A) In meiotic mature eggs (100% GVBD; approximately 12 hr PG treatment at 187C), immediately after the white spot appeared
in the animal pole indicative of GVBD, the large patches apparent in Fig. 3C (large white arrow) are no longer visible, and numerous small
XIP3R-positive yolk-free patches are observable in both the deep cytoplasm (large white arrow) and the cortical region (small white arrow).
Scale bar, 200 mm, A, C. (B) High magni®cation of the same mature egg in the region within the white square in (A). Numerous yolk-
free patches have arisen in the cortical region. Scale bar, 100 mm, B and D. (C) The mature eggs were incubated for an additional 3 hr
after 100% GVBD (15 hr PG treatment). Note that the XIP3R-positive cortical staining (white arrowhead) has become denser than that
of (A). (D) High magni®cation of the mature egg in the region within the white square in (C). Cortical staining has increased. Compare
the XIP3R-positive cortical staining indicated by white arrowheads in (D) with those in (B).
served under a confocal microscope. Because of the large in meiotically mature eggs treated with progesterone in
vitro. ER in mature eggs moved rapidly (Fig. 6B), whereassize of the oocytes, diffusion of the DiI throughout the
entire oocyte was dif®cult. Observations were carried out ER in immature oocytes showed slower movement (Fig.
6A). Overlays of the outline of ER accumulations of thein the vicinity of approximately 1/4 to 1/3 of the diameter
of the oocytes away from the injection sites. Stage VI four sequential images were shown in Fig. 6C. In oocytes,
ER movement was small and the four colors nearly over-oocytes showed a reticulum network of ER throughout
the viewing ®eld. Movement of the ER was observed by lapped thus gave numerous traces in black, whereas in
mature egg, ER moved so rapidly that they seldom over-comparing images collected from the same oocyte before
and after meiotic maturation induced by progesterone in lapped. Movements consisted of apparently random shift-
ing and could be detected in oocytes exposed to progester-vitro. Typical sequential images collected at an interval
of 1 min are shown (Fig. 6). ER accumulations are demon- one for at least 5 hr. The fact that some regions of ER
moved right to left while other regions moved left to rightstrated by the bright staining of DiI. Comparing adjacent
time sequences revealed a rather rapid movement of ER or remained unmoved, which was observed in agarose-
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¯uorescence, and demonstrated that a dynamic redistribu-
tion of the IP3-dependent Ca2/ pool occurs during oogenesis
and meiotic maturation.
XIP3R was localized in the ER, a dynamic structure capa-
ble of changing its organization at fertilization in sea urchin
or star®sh (Terasaki and Jaffe, 1991; Jaffe and Terasaki,
1993, 1994) or during meiotic maturation of mouse and
hamster (Mehlmann et al., 1995; Shiraishi et al., 1995). The
eggs acquire activation competency to IP3, Ca2/ ionophore
A23187, or pricking during maturation, suggesting the on-
set of activation responsiveness during maturation (Char-
bonneau and Grey, 1984; Chiba et al., 1990). Here we also
show that the mobility of the ER increased during meiotic
maturation of X. laevis, which may underlie the dynamic
movement of the XIP3R observed in our previous (Kume et
al., 1993) and present studies. The increase in mobility of
ER, in turn results in the establishment of the structural
arrangement of the IICR mechanism so that it is competent
for activation upon fertilization.
Expression of XIP3R during Oogenesis and Its
Relocalization during Meiotic Maturation
XIP3R is expressed in oocytes as a maternal RNA and
protein. It is uniquely present in the whole cytoplasm in
FIG. 5. Quantitative analysis of the relative staining density in young oocytes at stages I, II, and early stage III. However,
the cortex versus the cytoplasmic region 100 mm interior to the in late stage III, when the oocytes begin to acquire polarity,
cortex. The mean densities of ¯uorescence (subtracted with back- an accumulation of XIP3R in the cortical region was ob-
ground density) within regions A and B are calculated. The numbers served, and a densitometric measurement of the staining
of oocytes or meiotically mature eggs are indicated in parentheses.
intensity in the cortical region versus that of the interiorThe regions for A, cortical staining, and B, interior staining, are
cytoplasm revealed an approximately threefold increase inshown schematically in the lower panel. XIP3R gradually accumu-
XIP3R expression in the cortex compared to that in thelates in the cortex with increasing maturity. Bars show standard
interior cytoplasm (data not shown). This is a rather intrigu-deviations. The paired Student's t test was used to compare the
values for stage VI oocytes with mature eggs treated with progester- ing feature. In stage IV, XIP3R accumulated in the yolk-
one for each time period. The differences are signi®cant for mature free cytoplasm as well as in the perinuclear region, which
eggs treated for 12 hr, *P  0.05; and 15 hr, **P  0.001. resembles that of immature fully grown stage VI oocytes.
Sensitization of the calcium releasing channels during
star®sh maturation has been suggested by Chiba et al.
(1990). It has been proposed that development of the corticalembedded oocytes, con®rmed that the movement of ER
resulted from the increased mobility of ER rather than ER (CER) (Gardiner and Grey, 1983; Campanella et al., 1984;
from artifacts. In addition, the images of the mature eggs Charbonneau and Grey, 1984) is required for acquisition of
were blurred compared to those of the oocytes, which activation competency in maturing Xenopus oocytes. Our
suggests faster movement in the former. Increased move- present studies and previous report (Kume et al., 1993)
ment of ER in mature eggs was observed in 16 of 18 cases. showed a drastic relocalization of XIP3R to the periphery
Only 1 of 18 mature eggs failed to exhibit ER movement. of the mature egg during maturation. This may have in-
In another mature egg, there was no detectable increase, volved a relocalization of the perinuclear IP3-sensitive Ca2/
because the ER of the immature oocyte was already mov- pool to the cortical region. We have documented a relocal-
ing. The movements of ER accumulations were calcu- ization of XIP3R from the deep cytoplasm in the perinuclear
lated from representative data collected from three sets region to the cortex in a time-dependent manner by treat-
of oocytes and mature eggs (Fig. 7). The distribution of ment with progesterone. XIP3R accumulated in the cortex
the velocities of ER movements shifted to become higher as the eggs matured, which correlates well with the onset of
in accordance with egg maturation (P  0.001; Kolmo- activation responsiveness during maturation (Charbonneau
gorov± Smirnov (K-S) test). and Grey, 1984). The level of XIP3R protein expression
showed a slight increase of approximately 1.2-fold during
DISCUSSION meiotic maturation. However, this slight increase in the
XIP3R protein level might not be suf®cient to explain theWe have presented a ®ne spatial localization of XIP3R
during oogenesis and maturation in X. laevis by immuno- increased competency to activation stimulus in eggs com-
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FIG. 7. Histograms of the velocity (distance moved per minute)
of each ER accumulation in immature fully grown stage VI oocytes
(open columns) and meiotically mature eggs (closed columns). Bars
represent standard deviations. Data collected from three represen-
tative sets of oocytes and meiotically mature eggs are used in the
quantitative analysis. The distribution of the velocities of ER accu-
mulations in mature eggs showed a signi®cant shift to a higher
velocity compared to that of oocytes (Kolmogorov-Smirnov (K-S)
test, P  0.001).
Xenopus. In other species, a relocalization of IP3R was also
observed: IP3R was observed to cluster in the cortex of ma-
ture hamster eggs (Shiraishi et al., 1995) or in mouse eggs
(Mehlmann et al., in press). In mouse eggs, an increase in
IP3R protein expression is observed (Mehlmann et al., in
press). In addition to the relocalization of XIP3R during mat-
uration, in Xenopus, a comparison of the potency of IP3 inpared to that of immature oocytes. The accumulation of
XIP3R in the cortex seems to play an important role to the release of Ca2/ from embryo microsomes with that from
oocyte microsomes suggested a sensitization of XIP3R tothe acquisition of activation potency during maturation in
FIG. 6. An increase in ER movement during meiotic maturation. The ERs are stained by DiI injected into the cytoplasm. Images of ER
are observed as membrane accumulations. Typical sequential images collected every 1 min (panels 1* to 4*) from a single immature fully
grown stage VI oocyte before (A) and after (B) meiotic maturation are shown. The optical images were taken at a 10-mm depth from the
oocyte surface. Arrows of the same number show the same spots during the respective time sequences. Comparison of speci®c bright
spots between time sequences reveals that: (A) ER in an immature stage VI oocyte undergoes little movement, whereas (B) ER in a
meiotically mature egg moves rapidly. Note that in (B), brightly stained spot 1 moves left to right and then right to left during the time
sequences from 1 min (1*) to 4 min (4*), spot 2 appears in the focal plane at 3* and then had moved rapidly away from the focal plane by
4*, spots 3 and 4 change shape during the time sequences (1* to 4*), spot 5 appears in 2* and has moved away from the focal plane by 3*,
while spot 6 moves away from the focal plane at 2* and has reappeared by 3*. Spot 7 stained most brightly in 1* and has dimmed somewhat
by 2*, remains stationery at 2* and 3*, and has dimmed again by 4* and the following image (data not shown). Scale bar, 4 mm. (C) The
images are further processed by extraction followed by thresholding the edges in order to obtain the outline of each image. An overlay of
the traces of the ER at four sequential time points is shown to demonstrate the movement of particular ER accumulations shown in (A),
upper panel, and (B), lower panel, respectively. In immature fully grown oocytes, the traces shown in different colors nearly overlap and
result in numerous black lines, whereas in meiotically mature eggs, the ER moves so rapidly that the traces do not overlap and thus the
individual colors of each trace are observed. 1* in red, 2* in blue, 3* in green, and 4* in pink, for both the upper and the lower panels.
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messenger ribonucleic acid from resting lymphocytes. Biochem-IP3 in embryo microsomes (A.M., unpublished results;
istry 18, 5143.Muto et al., 1996). These observations suggest that the IP3-
Busa, W. B., and Nuccitelli, R. (1985). An elevated free cytosolicsensitive Ca2/ pools may be sensitized to IP3 during Xeno-
Ca2/ wave follows fertilization in eggs of the frog, Xenopuspus oocyte maturation. Although the mechanism of this
laevis. J. Cell Biol. 100, 1325±1329.sensitization is unknown, the primary structure suggests
Campanella, C., Andreuccetti, P., Taddei, C., and Talevi, R. (1984).that XIP3R could be phosphorylated by PKA (Kume, et al.,
The modi®cations of cortical endoplasmic reticulum during in
1993), which had been demonstrated to modify mouse IP3 vitro maturation of Xenopus laevis oocytes and its involvement
receptor channel activity in vitro (Supattapone et al., 1988; in cortical granule exocytosis. J. Exp. Zool. 229, 283±293.
Nakade et al., 1994). Therefore, in addition to the relocaliza- Charbonneau, M., and Grey, R. D. (1984). The onset of activation
tion of XIP3R to the cortex, the sensitization of IICR may responsiveness during maturation coincides with the formation
also contribute to increased activation potency during Xen- of the cortical endoplasmic reticulum in oocytes of Xenopus
opus oocyte maturation. laevis. Dev. Biol. 102, 90±97.
Chiba, K., Kado, R. T., and Jaffe, L. A. (1990). Development of cal-
cium release mechanisms during star®sh oocyte maturation.
Increase of ER Mobility during Maturation Dev. Biol. 140, 300±306.
Cuthbertson, K. S. R., Whittingham, D. G., and Cobbold, P. H.We observed an increased mobility of ER in meiotically
(1981). Free calcium increases in exponential phases duringmature eggs by observation under time-lapse confocal mi-
mouse oocyte activation. Nature 294, 754±757.croscopy using an ER-sensitive dye, DiI. The increase in
Dersch, M., Bement, W. M., Larabell, C. A., Mecca, M. D., andmobility of ER might facilitate the reorganization of ER
Capco, D. G. (1991). Cortical membrane-traf®cking during theduring maturation. An accumulation of ER is observed in
meiotic resumption of Xenopus laevis oocytes. Cell Tissue Res.the periphery during maturation. In mouse (Mehlmann et
263, 375±383.
al., 1995) and hamster (Shiraishi et al., 1995) eggs, the ER
Ducibella, T., Rangarajan, S., and Anderson, E. (1988). The develop-
is observed to change its organization and cluster in the ment of mouse oocyte cortical reaction competence is accompa-
cortex. The source of the ER in the periphery may be derived nied by major changes in cortical vesicles and not cortical granule
from the perinuclear ER or from the ER newly generated depth. Dev. Biol. 130, 789±792.
from dissociated annulate lamellae (AL) (Kessel, 1968; Stafs- Dumont, J. N. (1972). Oogenesis in Xenopus laevis (Daudin)
trom and Staehelin, 1984). Dispersal of the ER in the perinu- 1.Stages of oocyte development in laboratory maintained ani-
clear region and the AL in deep cytoplasm and an increase mals. J. Morphol. 136, 153±180.
Eisen, A., and Reynolds, G. T. (1984). Calcium transients duringin the mobility of ER may result in a dynamic rearrange-
early development in single star®sh (Asterias forbesi) oocytes. J.ment of XIP3R to localize in the cortical region. Since it
Cell Biol. 99, 1878±1882.has been reported that the onset of activation competency
Fujiwara, T., Nakada, K., Shirakawa, H., and Miyazaki, S. (1993).correlated well with meiotic maturation (Charbonneau and
Development of inositol trisphosphate-induced calcium releaseGrey, 1984; Chiba et al., 1990), the development of the
mechanism during maturation of hamster oocytes. Dev. Biol.IICR mechanism in the periphery may be required for the
156, 69±79.acquisition of activation competency. The mechanism un-
Furuichi, T., Yoshikawa, S., Miyawaki, A., Wada, K., Maeda, N.,derlying ER mobility is unknown. It has been suggested
and Mikoshiba, K. (1989). Primary structure and functional ex-
that the distribution of microtubules is closely associated pression of the inositol 1,4,5-trisphosphate-binding protein P400.
with ER in somatic cells (Terasaki et al., 1986); however, Nature 342, 32±38.
the relationship between ER and cytoskeletal structures in Galione, A., McDougall, A., Busa, W. B., Willmott, N., Gillot, I.,
meiotic cells still remains to be examined. and Whitaker, M. (1993). Redundant mechanisms of calcium-
induced calcium release underlying calcium waves during fertil-
ization of sea urchin eggs. Science 261, 348 ±352.
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